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INTRODUCTION 
The crystal structures of the perchlorate and chloride 
of pentaaminecyanocobalt (III) 1,2,5-triphenylphosphole and 
1,2,5-triphenylpyrrole were determined by single-crystal 
X-ray diffraction analysis. Points of interest ranging from 
the gross crystal structure to the detailed geometry of these 
compounds will be discussed. In addition a new method for 
determining phases is presented with some experimental results 
and comments regarding its use. 
The crystal structure determinations in this thesis have 
evolved primarily from the use of the Patterson function and 
at times certain preconceived ideas of what the molecule 
under study should look like. The cobalt complexes are the 
first monocyano complexes of 00^+ studied by X-ray diffraction 
and have indicated the cyanide bonding mode to be Co-C-N. 
The structure of 1,2,5-triphenylphosphole was studied to 
examine the possible aromaticity of phospholes. Claims exist 
In the recent literature favoring both an aromatic and non-
aromatic structure. The three dimensional geometry of 1,2,5-
triphenylpyrrole was determined in order to examine the 
possibility that results obtained for the triphenylphosphole 
were an artifact of the crowding of the phenyl rings about 
phosphorus and to obtain a precise geometry of the pyrrole 
nucleus'. 
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The integral of the absolute value of the electron 
density function was examined in order to determine its use 
as a purely mathematical method of determining phases. This 
technique has been successfully applied to three previously 
determined crystal structures. 
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THE STRUCTURES OF THE PERCHLORATE AND CHLORIDE 
OF PENTAAMINECYAN0C0BALT(III)2+ 
Introduction 
Transition metal cyanide ion coordination has long been 
the subject of much conjecture between experimenters from 
various fields. In many cyanide complexes, metal to carbon 
bonding is often assumed and this assumption is found in many 
textbooks (1). 
Spectral studies attempted thus far have been unable to 
unambiguously determine the cyanide ion coordination. Re­
sults of infrared studies on a series of cyanides favor the 
metal-ion to carbon atom coordination; however, the alternate 
coordination cannot be completely rejected (2,3). Kuroda and 
Gentile (4) have recently analyzed the visible and 
ultraviolet spectra of two cobalt-cyanide complexes and they 
interpret their results in terms of Co-N coordination. 
Early X-ray diffraction studies of transition metal 
cyanide complexes, such as the ferrocyanide ion or KAgCCN); 
(5), were interpreted to indicate that the metal ion is 
attached to the carbon atom. However even with today's 
modern instrumentation and high speed computers, atoms 
differing by only one electron can still be difficult to 
distinguish from one another. Even though neutron diffraction 
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is better suited to this type of problem, only the molecular 
structures of K3Co(CN)6 (6), K2Zn(CN)i| (7) and Hg(CN)2 (8) 
have been attempted thus far by neutron diffraction. All of 
these studies have indicated metal to carbon bonding. 
In 1 9 6 8 ,  Birk and Espenson (9) reported the chromium(II) 
oxidation by [ (NH3 ) s (CN) Co(III) ]The kinetics and mecha­
nism of the reaction were explained in terms of a C-bonded 
cobalt(III); however, the N-bonded model is not entirely ex­
cluded. Therefore we decided to undertake the single-crystal 
X-ray diffraction analysis of [ (NH3 ) 5 (CN) Co(III) ] (ClOi» ) a 
•O.5H2O. 
During the refinement of the above complex the 
perchlorate ions were found to be disordered. Consequently 
we decided to carry on the single-crystal X-ray study of 
[(NHS)5(CN)CO(III)]Cl2 in conjunction with the above analysis. 
Data Taking Procedure 
All X-ray intensity data were taken on a Kilger-Watts 
four-circle diffractometer interfaced to an SDS 910 computer 
in a real time mode. Zirconium-filtered molybdenum radiation 
was used, X - 0.7107%.. 
Data were taken using a 6-26 step-scan procedure with 
steps of 0.01 degrees in theta and a counting time of 0.4096 
seconds per step. The number of steps through a given 
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reflection varies with theta; [50 + (2 x 0)] where 0 Is the 
peak center in degrees. Stationary-crystal, stationary-
counter background measurements were made at the beginning 
and end of the step-scan, each measurement being made for 
one-half the total scan time. 
As a general check on electronic and crystal stability, 
the intensities of three standard reflections were measured 
periodically during the data collection period. Approximate­
ly 25 reflections per hour were obtained and logged on an IBM 
seven track tape. 
Experimental 
r(NH3)5(CN)Co(III)](C10j2'0.5H20 
Crystals of pentaaminecyanocobalt(III) perchlorate were 
prepared by the method of Siebert ClO). Recrystallization 
from a water solution yielded red-orange crystals. 
Preliminary precession photographs showed the unit cell 
to be orthorhombic with systematic absences hkl when h+k = 
2n+l and hOl^ when 1 = 2n+l. These absences are consistent 
with space groups Cmcm, Cmc2i or Ama2 (alternate setting). 
The unit cell parameters at 25°C are a = 8.164(1), b = 
20.737(4), £ = 7.72411)^. These parameters and their standard 
deviations were obtained by a least-squares fit to 15 inde­
pendent reflections. The center of each reflection was found 
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by left-right top-bottom beam splitting on the previously 
described Hilger-Watts diffractometer. Any error in the 
instrumental zero was eliminated by centering the reflection 
at both +20 and -20. The calculated density of 1.92gm/cc 
based on four molecules per unit cell agrees quite well with 
the observed density of 1.90gra/cc which was determined by 
flotation techniques. 
For data collection a cylindrical crystal with radius 
0.08mm and a height of O.S^rnm was mounted on a glass fiber. 
The latter direction was the c crystal axis and was coinci­
dent with the spindle axis. Complete three-dimensional data 
to sin0/A = 0.7035 at 25°C were taken for the four octants 
with positive 1 index. The rest of the experimental 
arrangement for intensity collection has been discussed in 
some detail above. 
The intensity data were corrected for Lorentz-
polarlzation effects. The absorption coefficient, Uj Is 
iS.l^icm"^. The maximum and minimum transmission factors are 
78.58 and 77.16% respectively, which were calculated using a 
modified version of Busing and Levy's ABCOR program (.11). 
Therefore no absorption correction was made. 
Of the 45^3 possible observations, 1488 were found to be 
less than three times the standard deviation in the back­
ground and were subsequently disregarded. The three sigma 
criteria was tested on 1154 symmetry extinct reflections and 
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was found to hold 96% of the time. Since four octants of 
equivalent intensity data were collected, a confidence test 
(12) was applied. This test was used to determine if any 
piece of a set of equivalent data should be disregarded. 
Only 112 of the remaining 3055 possible observations failed 
this confidence test. The individual values of Po^ from the 
equivalent sets were then averaged to yield 750 independent 
Po^ values. The standard deviations of Fo^ were estimated 
from the averages of the individual intensities and their 
standard deviations. 
Also neutron data were collected for this compound on a 
crystal having approximate dimensions 2.33 x 1.07 x 4.69mm 
along the a, b and c_ crystal axes respectively. The crystal 
was mounted on a glass fiber such that the c_ crystal axis 
and the spindle axis were coincident. 
Three-dimensional data were collected at room temperature 
with a neutron wavelength of I.1588A, utilizing a Mitsubishi 
diffractometer equipped with a two circle head and a BP3 
monitor counter. There were 125 observed reflections out of 
197 unique observations. Each reflection required 50 steps 
in intervals of 0.2 of a degree in two-theta and each observed 
reflection was measured three times. 
The intensities were corrected for Lorentz, absorption 
and background effects. Independent Fo^ values and their 
8 
standard deviations were obtained in a manner similar to that 
described above. 
r(NH.,)s(CN)Co(III)]Cl2 
Crystals of pent aarainecyano cob alt (III) chloride, pre­
pared by the method of Siebert (10) and recrystallized from 
a water solution, are orthorhombic with cell dimensions 
a = 10.190(1), b = 8.740(1), c = 10.335(2)A, Dm = 1.78gm/cc 
(by flotation), for Z = 4, DC = 1.76gm/cc. Systematic 
absences (hkl when h+k = 2n+l and hOl when 1 = 2n+l) indicate 
space groups Cmcm, Cmcm2i or Ama2 (alternate setting). 
Complete three-dimensional X-ray diffraction intensity 
data to sin0/X = 0.9041 were taken at room temperature 
(Mo radiation) using a crystal with dimension 0.18 x 
0.28 X 0.28mm along the a, ^  and c_ crystal axes respectively, 
such that the c axis was along the spindle axis. The rest of 
the experimental arrangement for intensity collection has 
been previously described. 
The intensity data were corrected for Lorentz-
polarization effects and effects due to absorption. The 
three sigma test was applied to the Intensity data and 682 
of the 2003 possible observable reflections were rejected. 
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Solution and Refinement 
r(NH,)5(CN)Co(III)](C104)2'0.5H2Q 
A Howells', Phillips' and Rogers' plot (13) was obtained 
using all the collected data and indicated the presence of a 
center of symmetry and the appropriate space group was as­
sumed to be Cmcm. An unsharpened Patterson function was cal­
culated and a vector which was assumed to be a Co-Co vector 
resulting from the c-glide was located on the Harker line. 
The positions of the cobalt ligand atoms were also indicated 
from this three-dimensional Patterson function. However the 
direction of the cyanide group could not be determined; 
hence, the immediate ligand atoms were all assigned nitrogen 
scattering factors. Two cycles of positional refinement on 
the cobalt and immediate ligand atoms produced a conventional 
R-factor of 0.43. 
The initial structure factor and electron density calcu­
lation indicated the direction of the cyanide group. It was 
also evident the perchlorate ions were in two four-fold sets 
(mm symmetry) instead of an eight-fold set and were dis­
ordered. After accounting for all the perchlorate oxygens in 
disordered positions there was still one peak left about the 
size of one-fourth an oxygen. This peak was assumed to be 
part of the water molecule. A difference Fourier was then 
computed, and it was verified that all non-hydrogen atoms had 
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been accounted for, and some anisotropic motion was evident. 
A full matrix least-squares refinement minimizing the 
weighted R-factor was initiated with all atoms isotropic 
using the program of Busing et al. (11) and the atomic 
scattering factors of Hanson et al. (14). Two trial struc­
tures were assumed for refinement, one having the carbon 
atom of the cyanide group adjacent to the cobalt and the 
other having the nitrogen atom next to the cobalt. When the 
conventional R-factor in both cases fell below 0.15, 
anisotropic refinement on all atoms except the disordered 
oxygens was begun. Since the temperature factors are a 
function of the occupancy numbers, it did not seem Justifi­
able to refine the oxygens anisotropically. At this time the 
weighting scheme was modified from one based on counting 
statistics such that a plot of versus Po^ was a constant. 
The final conventional and weighted R-factors are; 0.082 and 
0.119 respectively for the Co-C-N model, 0.085 and 0.123 
respectively for the Co-N-C model. 
The observed and calculated structure factors for the 
Co-C-N model in space group Cmcm are given in Table la. The 
final positional, anisotropic temperature factors and 
standard errors are given in Table 2. In Table 2, 01(2) 
and 01(3) are the half chlorines and 0(7) belongs to the 
water molecule. The more important interatomic distances. 
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angles and their errors (calculated using the function and 
error program of Busing et al. (11)) are summarized in 
Table 3. 
It may be noted here that the average effective 
isotropic B for the ammonia nitrogens is 4.2%^. In the Co-
C-N model the effective isotropic B's for C and N are 4,4 
and 7.5^^ respectively, while in the Co-N-C model the 
effective isotropic B's for C and N are 6.0 and 6.0A^ 
respectively. Also the experimental ratio of C:N integrated 
electron densities for the Co-C-N model is 0.864 while the 
calculated value is 0.857. For the Co-N-C model the experi­
mental ratio of N:C integrated electron densities is 0.867. 
Also the atomic parameters from the Co-C-N and Co-N-C 
models of the final X-ray least-squares refinement for space 
group Cmcm were used as input for refinement of the neutron 
data. Attempts to refine all the positional parameters 
were unsuccessful, probably due to the insufficient data. 
Also there were some experimental difficulties experienced 
toward the end of the data taking period. However the 
ammonia hydrogens were found approximately 1% from the 
nitrogens with bond angles between 105 and 118°. 
Subsequent refinement using isotropic temperature 
factors for the hydrogen atoms gave weighted R-factors of 
0.215 and 0.2 30 for the Co-C-N and Co-N-C models respectively. 
The larger value of the R-factor is to be expected as the 
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disorder of the perchlorate groups has more of an effect on 
the neutron intensities. 
The observed and calculated structure factors for the 
Co-C-N model are given in Table lb. 
[(NH3)5(CN)Co(III)]Cl2 
An unsharpened Patterson map was calculated using all 
observed reflections. All non-hydrogen atomic positional 
parameters were found and placed accordingly in the unit 
cell. The direction of the cyanide group was assumed to be 
the same as in the perchlorate case. 
Using the full-matrix least-squares program of Busing 
et al. (11) and the scattering factors of Hanson et al. (14) 
an isotropic refinement was undertaken on all atoms. After 
four iterations using a Co-C-N model in space group Cmcm 
the conventional and weighted R-factors were 0.094 and 0.112 
respectively. After four cycles of anisotropic refinement 
the weighting scheme was modified such that a plot of wA^ 
versus Fo' was a constant. The final conventional and 
weighted R-factors are 0.076 and 0.101 respectively. 
Refinement in space groups Cmc2i and Ama2 using a 
Co-C-N model gave weighted R-factors of 0.095 and 0.091 
respectively. However both of these cases resulted in 
meaningless distortions of the cations and shifts in the anion 
positions. The centric space group Cmcm was also indicated 
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Table la. Observed and calculated X-ray structure factors 
CxlO) for pentaaminecyanocobaltClII) perchlorate. 
a i»i6 ivio 0 140» 0 l»t |  
i iQq uor  
ft I / /  lao 
» M 10')  - IJI  
1006 -9)1* 
0 0  
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Table lb. Observed and calculated neutron structure factors 
(xlQ) for pen t aamine cy^ano cob alt (I II) perchlorate. 
L = 0 6 12 34 -28 3 11 26 -19 4 2 91 112 
ri K FO FC 1 13 137 -133 0 12 55 -57 l 3 44 -81 
2 0 242 231 3 13 72 56 2 12 21 26 3 3 80 113 
4 0 53 61 5 13 61 -47 0 4 62 -57 
6 0 286 249 0 14 166 -151 3 5 44 -51 
3 I 35 -46 2 14 20 22 L « 2 0 6 125 102 
5 1 85 53 3 17 99 -89 H K FO FC 1 7 65 62 
0 2 10 5 2 18 57 -52 0 0 189 -225 3 7 88 -96 
2 2 30 33 3 19 32 -23 4 0 105 -158 0 8 36 33 
1 3 19 15 3 1 51 -86 2 8 80 -86 
3 3 59 22 0 2 23 -27 3 9 50 -53 
5 3 45 -32 L = 1 1 3 16 -23 0 10 103 -87 
0 4 55 61 H K FO FC 0 4 74 -79 2 10 37 48 
2 4 45 70 1 I 12 21 2 4 36 -51 1 11 33 32 
4 4 70 65 3 1 31 17 4 4 25 -27 0 12 112 -101 
6 4 82 -68 5 1 67 -39 1 5 63 -60 
1 5 17 36 0 2 23 28 5 5 91 —86 L = 4 
3 5 230 198 2 2 16 16 0 6 70 -55 H K FO FC 
0 6 51 -63 4 2 66 44 2 6 21 50 0 0 110 135 
4 6 26 -32 1 3 150 -157 4 6 36 28 4 0 129 127 
6 6 104 -87 3 3 39 17 1 7 24 32 3 1 43 65 
1 7 58 80 5 3 73 -42 0 8 61 34 0 2 31 31 
3 7 22 27 0 4 54 46 2 8 36 -37 0 4 87 74 
0 8 96 132 2 4 64 49 4 8 35 -30 2 4 28 56 
2 8 79 -80 4 4 91 73 1 9 26 10 1 5 52 70 
4 8 67 -45 1 5 85 73 3 9 107 -83 0 6 55 35 
6 8 76 50 3 5 30 —15 0 10 62 65 1 7 29 -33 
I 9 35 38 0 6 57 51 2 10 49 -41 1 9 31 24 
3 9 94 -62 2 6 18 -25 1 11 25 -28 
5 9 131 107 £. 44 — 1 Q * w 3 
0 10 76 43 3 7 49 -28 2 12 74 61 H K FO FC 
2 10 54 -80 5 7 43 26 0 2 103 -71 
6 10 47 52 0 8 106 99 0 6 74 46 
1 11 38 26 1 9 45 65 L = 3 
3 11 25 -23 3 9 42 40 H K FO FC L = 6 
0 12 82 -88 0 10 22 -47 3 1 43 40 H K FO FC 
4 12 25 -22 1 11 105 -88 0 2 94 -92 0 0 165 -203 
able 2. Fractional atomic coordinates CxlO**) and anisotropic temperature factors 
(xlO^) for pentaaminecyanocobalt Cm ) perchlorate. Values not followed 
by standard deviations In parenthesis are fixed by symmetry. The form 
of the anisotropic temperature factor is 
exp [-(Biih^ + + g 3 3%^ + 2gizhk + 2B:3^+ 2B23kl)]. 
Atom X y  z  83.J .  or  B 3  aa  633 ^12 Pl3 ®a3 
Co 0  1110(1)  2500 716 (20)  197(3)  919(25)  0  0  0  
Cl(1)  0  7453(2)  2500 1799(61)  261 (8)  1883 (63)  0  0  0  
CI  (2)  0 4508 (4)  2500 838(72)  390(20)  1398(98)  0  0  0  
CI (3)  0  3864 (3)  2500 1436(6)  298(18)  1979(127)  0  0  0  
C 0  201 (6)  2500 2723(308)  227(33)  1064(181)  0  0 0 
H(1)  0  2074 (5)  2500 1826 (196)  238 (27)  1526(187)  0  0  0  
N(2)  0  -347(5)  2500 5392(492)  228(35)  1620(219)  0  0  0 
N(3)  1707 (6)  1100(2)  693(6)  1336(79)  375(16)  1559(187)  3(27)  374(70)  -50(28)  
0(1)  1442(2%) 3483(9)  2500 7 .4(4)  
0(2)  1360 (30)  4828(12)  2500 9 .5(5)  
0(3)  0  4239(6)  4000(15)  9 .8(3)  
0(4)  1214(20)  7373 (8)  1172(15)  12.3 (3)  
0(5)  0  8113(13)  2500 10.0 (6)  
0(6)  0 6767 (28)  2500 7 ,6(3)  
0(7)  0  5569(13)  2500 6 .7(5)  
16 
Table 3 .  Distances (&) and angles (deg) with standard 
deviations in parenthesis for pentaaminecyano-
cobalt(III) perchlorate. An atom with a super­
script one implies a transformation of the atomic 
coordinates of Table 2 to (-x,y,z). An atom with 
a superscript two implies a transformation to 
(x,y,0.5-z). 
Atoms Distance Atoms Angle 
Co—C 1 .  883(13 )  C-C0-NC3) 89. 3C2) 
Co-N(l) 1 .  999(11)  NC3) i -Co-NC3)  89  .9C3)  
Co-N(3) 1 .  972(5)  0(4)-ClCl)-0(61 8 3  .3(7) 
C-N(2) 1 .  1 3 8 ( 1 7 )  0(4)-Cl(l)-0(4)i 8 7  .3(11) 
Cl(l)-0(4) 1 .  435(15)  0 (3 ) -Cl (2 ) -0C2)  1 0 2  . 8 (5 )  
Cl ( l ) -0 (5 )  1 .  369(28 )  0(2)-Cl(2)-0C2)i 118 .3(24) 
Cl(l)-0(6) 1 .  421(58)  0C3) -C1(2) -0C3)% 1 2 8  .5(12) 
Cl(2)-0(2) 1 .  293(26 )  0(3) -ClC3) -0Cl )  1 0 8  .1(4) 
Cl(2) -0 (3 )  1 .  286(12 )  0(l)-ClC3)-0(l)i 112 . 2 (16 )  
Cl(3)-0(1) 1 .  
I—I C\J 00 1—1 0(3) -Cl (3 )"0C3) :  112 .3(10) 
Cl(3) -0 (3 )  1 .  395(13)  
17 
by the HPR statistical test (13). 
Also the refinement of a Co-N-C model was carried out 
in space group Cmcm. Pinal conventional and weighted R-
factors in this case are O.O8O and 0.105 respectively. 
The observed and calculated structure factors for the 
Co-C-N model in space group Cmcm are given in Table 4. The 
final positional, anisotropic temperature factors and 
standard errors are given in Table 5. The more important 
distances, angles and their errors are summarized in 
Table 6. 
For this compound the average effective isotropic B of 
the ammonia nitrogens is 2.4%^. In the Co-C-N model the 
effective isotropic B's for C and N are 2.1 and 3.0%.^ 
respectively and the experimental ratio of C:N integrated 
electron densities is 0.873. In the Co-N-C model the 
effective isotropic B's for C and N are 2.5 and 2.6%/ 
respectively, while the experimental ratio of N:C Integrated 
electron densities is 0.900. 
Discussion 
The crystal structures of the perchlorate and chloride 
of pentaaminecyanocobalt(III) are depicted in Figures 1 and 
2 respectively. In both cases the cobalt atom lies in a 
position of mm crystallographlc symmetry with the cation 
18 
Table 4.. Observed and calculated structure factors CxlQl fgr 
pentaanjinecy^anocQbialt ClIIl chlqri.de. 
* 0 101 i :  *CA *11 
6  /  fH» «11)  
1  I  fui  -Wl 
'o * rM 
i  f t  ))» - l i t  
»  6 u ; -wi  
Û in /** 
0 1  i J f  - I I»  
Table 5. Fractional atoraic coordinates (xlO^) and anisotropic temperature factors 
(xlO^) for pentaaminecyanocobalt(III) chloride. Values not followed by 
standard deviations in parenthesis are fixed by symmetry. The form of 
the anisotropic temperature factor is 
exp [-(Siih^ + g2 2^^ + 6331^ + 2gi2h^ + 26i3hl + 
Atom X y  z P 82  Pis ^13 ^23 
Co 0  2159(1)  2500  409(5)  470(6)  302(4)  0  0  0  
H (1 )  0  f t i»a4(5)  2500  857(53)  579(49)  488(35)  0  0  0  
H (2 )  0  -1329  (7 )  2500  1046(66)  668(57)  616(43)  0  0  0  
N(3)  1928(3)  2176(U)  2500  490(25)  909(42)  535(26)  6 (26)  0  0  
N{«) 0  2125(4]  588(3)  756(33)  813(37)  332(20)  0  0  17(23)  
C 0  -23(6 )  2500  561  (43)  682(53)  401  (35)  0  0  0  
CI 2838  (1 )  0  0  556(8)  735(11)  494(7)  0  0  20(6 )  
20 
Table 6. Distances (&) and angles, Cdeg) with, standard 
deviations in parenthesis for pentaaminecyano-
cobalt (ril). chloride. 
Atoms Distance Atoms Angle 
Co-NCl) 1.996(1) G-Co-N(3} 90.1a) 
Co-N(3) 1.965(4) C-Co-NC4) 89.1(1) 
Co-N(il) 1.975(3) NC4)-Co-N(3) 90.0(1) 
Co-C I.908C6) 
C-N(2) 1.142(8) 
21 
complex having approximately symmetry. In Figure 1 the 
mirror plane at a quarter in z bisects the four nitrogens in 
the equatorial plane while In Figure 2 the four-fold nitro­
gens lie in the mirror planes. 
The disordered oxygens have been left out of Figure 2. 
The two chlorines labelled one-half in Figure 2 share two 
oxygen atoms. The disorder about the other chlorine leads 
to an approximately octahedral arrangement of oxygen atoms. 
This by no means indicates that the geometry of a perchlorate 
Ion is anything other than tetrahedral. However since the 
perchlorate ion is spherical by nature, it is not surprising 
in this case that it has little preference regarding its 
orientation In packing. 
The average values of Co-C, Co-N and C-N bond lengths 
agree quite well with previously reported values in the lit­
erature (15-17). 
The main Interest in these structure determinations 
lies In the attempt to distinguish between the Co-C-N and 
Co-N-C models. It was decided that the former is the correct 
bonding mode on the following evidence: 
1. Integrated electron densities of both structures 
favored the Co-C-N model. 
2. In all eases (X-ray and neutron), the Co=C=N model 
gave better agreement factors. 
m 
1/2 C 
m 
1/2 Cl 
1/2 Cl I 
1/2 Cl 
ro 
ru 
Figure !.. Illustration of molecular packing for pentaamlnecyanocobalt (III) 
perchlorate. The oxygens are not shown and the disordered chlorines 
are labeled 1/2 CI. 
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Figure 2. Illustration of molecular packing for 
pentaaminecyanocobalt(III) chloride. 
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3. In both structures, the effective Isotropic 
temperature factor of the atom bonded to the cobalt atom had 
a tendency to increase when the Co-N-C model was invoked. 
The trend would, of course, be observed if a nitrogen were 
input where a carbon should be located. 
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THE STRUCTURE OF 1,2,5-TRIPHENYLPHOSPHOLE 
Introduction 
The potential aromatic character of the phosphole ring 
system has been the subject of considerable dispute in recent 
years. Pentaphenylphosphole (18) was synthesized in I960, 
and later the phosphole ring system was prepared via the more 
general synthesis of Cookson (19), Markel (20) and Quin (21). 
Much conflicting evidence exists concerning the degree 
of cyclic delocalization and aromatic character of the 
phosphole ring. Brown (22) has reported that HMO calcula­
tions on the planar phosphole ring gave a delocalization 
energy of 1.^93 as compared to 1.37B for pyrrole. Mortimer 
(23) found that the heat of oxidation of pentaphenylphosphole 
to its oxide is abnormally low, 39kcal/mole less than that 
for t rime thy Iphosphine. Quin (.24) recently reported a sig­
nificant shortening of the heterocyclic phosphorus-carbon 
bond lengths in the molecular structure of 1-benzylphosphole 
determined by X-ray film techniques. All this evidence as 
well as spectral data reported on the low-field absorption of 
the phosphole ring protons (.20,21) and ^^P (21) indicated 
appreciable aromaticity of the ring. However 1,2,5-tri-
phenylphosphole has been found to react with dimethyl-
acetylenedicarboxylate (25) in an addition fashion to form 
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a 2:1 adduct containing one molecule of phosphole. The 
triphenylphosphole also undergoes rather facile 
photodimerization, a process that does not usually occur 
with aromatic heterocyclopentadienes (26). It has been 
estimated from vicinal PH coupling constants that the orien­
tation of the lone pair of electrons on phosphorus relative 
to the ir-bond in the plane of the ring is 45° (25). This 
evidence seemed to indicate little aromatic character in the 
phosphole ring. 
In view of these contradictory indications, we under­
took an accurate single-crystal X-ray investigation of 
1,2,5-triphenylphosphole to attempt to resolve this dilemma. 
After our structural work had been completed, further 
evidence for the non-planarity of the phosphole ring was 
reported by Mislow (27), who observed (nmr) inversion at 
phosphorus in l-isopropyl-2-methyl-5-phenylphosphole. The 
abnormally low barrier to pyramidal Inversion was interpreted 
as due to délocalisation in the planar transition state^ 
Experimental 
The crystals of 1,2,5-triphenylphosphole were prepared 
by the method of Cookson et al. (19) and were kindly furnished 
by Dr. T. J. Barton of this laboratory. Microscopic exam­
ination revealed that the crystals were clear yellow needles 
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with sharply defined faces. A suitable specimen 
(0.10 X 0.18 X 0.l4mm) was cut from one such needle and 
mounted on a glass fiber. Preliminary Weissenberg and 
precession photographs exhibited 2/m Laue symmetry indicative 
of the monoclinic crystal system. The only observable 
systematic absences were for OkO when k = 2n+l. Possible 
space groups consistent with this extinction condition are 
P2i and P2i/m. The crystal was then transferred to a fully 
automated Hilger-Watts four-circle diffractometer. Accurate 
theta values were obtained for twelve independent reflections 
by a left-right, top-bottom beam splitting technique on this 
diffractometer. A least-squares fit of the cell constants to 
these angles gave a = 12.129(2), b_ = 5.926(4), c = 12.678(2)^ 
and 3 = 115.85(4)°. The calculated density was 1.265gm/cc 
for Z=2. 
All data in the hkl and hkl octants were collected 
within a theta sphere of 55° using a stationary-crystal, 
stationary-counter technique with Ni-filtered Cu K radiation. 
X = 1.54i8A. Intensities were measured by counting at the 
peak center 6(h,k,l) for ten seconds and subtracting two 
five-second background counts measured at 0(h,k,l) ± [0.25 + 
(0.01 X 0(h,k,l))]. A total of II63 reflections were 
measured in this manner. As a general check on crystal and 
electronic stability, the intensities of three reflections 
were periodically monitored; no appreciable decomposition 
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was detected. Also 79 integrated intensities of previously 
measured reflections covering a range of values were obtained 
via the step-scan method (moving-crystal, moving-counter 
technique), for later use in a peak-height to integrated data 
conversion (28). 
The intensity data were initially corrected for Lorentz 
and polarization factors. Since the absorption coefficient 
is only 1.^2cm~^ for Cu radiation, no correction for this 
effect was deemed necessary. Thirty-seven reflections were 
found to have net intensities less than three times the 
square-root of the background and were judged to be 
unobserved and omitted from the refinement. The estimated 
error in each intensity measurement was calculated by: 
a(I) = + Ûg + + (KgCg)'. 
where and Cg are the total and background counts respec­
tively. In this formula, and Kg are the relative random 
errors in the total and background intensities and are given 
values of 3 and 5% respectively. The finite difference 
method was used to derive the formula for the estimated 
standard error for each reflection; 
a(F) = (LP)-'/:[(I + 0(1))'/% -
where I is the calculated Intensity and LP is the Lorentz-
polarization correction. These standard errors were used 
during refinement to weight the 1126 observed structure fac 
tors, where w = l/a(F)^. 
Solution and Refinement 
A three-dimensional Patterson synthesis was computed 
from the observed data. The general absences of peaks on the 
<0V0> Marker line indicated that space group P2i with one 
molecule per asymmetric unit was the correct choice. The 
position of the phosphorus atom was readily established and 
despite some pseudo-symmetry a three-dimensional electron 
density synthesis revealed the 22 carbon atoms. Pull matrix 
least-squares refinement with anisotropic temperature factors 
for all atoms, using the scattering factors of Hanson et al. 
(14), converged rapidly to a conventional R-factor of 0.082 
and a weighted R-factor of 0.108. Hydrogen atom positions 
were obtained from a difference map, but only after the peak-
height to integrated conversion of the data had been made 
(28). Subsequent isotropic refinement of the hydrogen atoms 
led to a significant (29) decrease in the conventional and 
weighted R-factors to O.O6O and 0.079 respectively. A final 
difference map revealed no peaks larger than 0.4electrons/â^. 
Refinements in which the phosphorus atom scattering factor 
was corrected for anomalous dispersion (30) led to no change 
in the R-factors and no change in molecular geometry. 
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Discussion 
Observed and calculated structure factors are given in 
Table 7. Fractional coordinates and anisotropic temperature 
factors of the non-hydrogen atoms with standard deviations 
are summarized in Table 8. Table 9 contains the fractional 
coordinates and isotropic temperature factors of the hydrogen 
atoms, which are numbered similarly to the carbon atoms to 
which they are attached. Bond lengths and angles are given 
in Table 10. Figure 3 shows a stereoscopic view of the mole­
cule and indicates the labeling of the atoms. Molecular 
packing is illustrated in Figure 4. 
The equation of the least-squares plane of the four 
atoms (C(2), 0(3), C(4), and 0(5)) of the heterocyclic ring 
is 
0.8835 X - 0.4266 Y - 0.1935 Z = 3.1942Â 
where the coefficients are direction cosines relative to a, 
b and £*. These four carbons are coplanar with root-mean-
square deviation of O.OOO6Â. However the deviation of the 
phosphorus atom from this plane is O.177X. The non-planarlty 
of the ring is also Illustrated by the ring torsion angles 
which are; P-C(2)-C(3)-C(4), -6.02; C(2)-C(3)-C(4)-CC5), 
0.16; C(3)-C(4)-C(5)-P, 5.78; C(4)-C(.5)-P-C(.2), -7.63; and 
C(5)-P-C(2)-C(3), 7.74°. 
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Table 7, Observed and calculated structure 
1,2, ,5,'-triph.enjriph.osph.ole,. 
factors CxlOl, for 
Table 8. Heavy atom fractional coordinates (xlO , anisotropic temperature factors 
(xlO^) and their standard deviations in parenthesis. Values not followed 
by a standard deviation are fixed by symmetry. The form of the 
anisotropic temperature factor is 
exp C -CBiih^ 4- Bz +  g 3  3 l ^  +  2 g i z h k  +  2 0 1  3 h l  +  2 0 2 3 k l ) ] .  
A t o m  X  y z  S x i  ^ 3 3  ® a 3  
P  3 7 3 4 ( 1 )  0  8 8 2 ( 1 )  9 7 7 ( 1 3 )  2 8 3 9  ( 4 9 )  8 9 3 ( 1 2 )  - 1 4  ( 2 3 )  5 3 8 ( 1 C )  - 4  ( 2 1 1  
C ( 2 )  4 7 4 8 ( 4 )  1 9 5 6  ( 9 )  1 9 6 8 ( 4 )  8 1 9 ( 4 4 )  3 3 7 2 ( 1 9 9 )  9 8 3 ( 4 7 )  - 2 6 2  ( 8 1 )  5 1 5 ( 3 9 )  - 2 3 3  ( 9 C )  
C ( 3 )  4 8 2 6 ( 4 )  3 8 5 1 ( 1 0 )  1 4 0 8 ( 4 )  1 0 3 7 ( 5 2 )  3 2 1 8 ( 2 0 2 )  1 1 0 3 ( 5 2 )  - 1 0 5  ( 8 6 )  6 3 9 ( 4 4 )  - 1 6 6  ( 8 9 )  
C ( 4 I  4 C 2 5 ( 4 )  3 9 2 4 ( 1 1 )  1 7 3 ( 4 )  1 2 4 8 ( 5 8 )  3 4 2 1 ( 2 0 5 )  1 0 2 8 ( 5 0 )  - 1 8 5  ( 9 9 )  6 7 9 ( 4 6 )  - 9  ( 8 9 )  
C t 5 )  3 3 0 2 ( 4 )  2 0 8 8  ( 9 )  - 2 6 7 ( 4 )  1 0 3 9 ( 4 9 )  3 1 2 1 ( 1 8 8 )  9 2 0 ( 4 6 )  - 3 6  ( 8 7 )  5 8 6 ( 4 0 )  3 7  ( 8 2 1  
C < 6 )  2 5 0 7 ( 4 )  1 7 1 5 ( 1 0 )  - 1 5 1 2 ( 4 )  6 3 4 ( 4 6 )  3 3 8 8 ( 1 9 3 )  1 0 8 9 ( 5 0 )  2 9 8  < 8 8 )  5 8 6 ( 4 1 )  1 6 2  ( 9 2 )  
C ( 7 I  2 4 1 7 ( 5 )  3 2 5 5 ( 1 2 )  - 2 3 7 4 ( 4 )  1 1 6 2 ( 5 6 )  4 3 8 5 ( 2 5 8 )  1 0 3 6 ( 5 1 1  4 8 ( 1 0 6 )  5 9 0 ( 4 6 )  3 1 0 ( 1 0 3 1  
C ( 8 )  1 6 6 6 ( 6 )  2 8 6 2 ( 1 4 )  - 3 5 5 0 ( 5 )  1 3 6 5 ( 6 9 )  5 5 3 5 ( 3 1 4 )  1 0 5 8 ( 5 7 )  7 8 ( 1 3 8 )  5 4 3 ( 5 2 )  4 9 5 ( 1 2 8 )  
C ( 9 I  9 9 2 ( 5 )  8 9 7 ( 1 4 )  - 3 9 0 3 ( 5 )  1 3 9 1 ( 7 0 )  5 7 9 7 ( 3 5 5 )  1 0 4 C ( 5 8 )  - 1 0 5 ( 1 3 2 )  5 6 2 (  5 4 )  - 1 1 3 ( 1 2 2 )  
C (  1 0 )  1 0 5 0 ( 5 )  - 6 4 5 ( 1 3 1  - 3 0 7 8 ( 5 )  1 3 4 1 ( 6 4 )  5 1 3 6 ( 3 1 9 )  1 1 1 8 ( 5 7 )  - 4 5 3 ( 1 1 6 )  5 8 0 ( 4 9 )  - 4 0 ( 1 1 7 )  
C <  1 1 )  1 7 9 9 ( 4 )  - 2 7 8 ( 1 2 )  - 1 8 9 0 ( 4 )  1 4 0 1 ( 6 2 )  3 9 3 8 ( 2 5 7 )  9 9 0 ( 4 7 1  - 4 8 7 ( 1 2 9 )  6 8 9 ( 4 6 )  - 1 9 6 ( 1 1 2 )  
C t l 2 l  5 4 7 0 ( 4 )  1 4 2 2 ( 1 1 )  3 2 0 6 ( 4 )  1 0 7 0 ( 5 5 )  3 7 8 6 ( 2 2 8 )  1 0 4 2 ( 5 5 )  1 4 ( 1 0 0 )  6 5 1 ( 4 7 )  - 8 4  ( 9 9 )  
C (  1 3 1  6 3 4 6 ( 5 )  2 9 8 5 ( 1 3 )  3 9 4 8 ( 4 )  1 3 6 4 ( 6 8 )  4 1 7 5 ( 2 6 3 )  1 0 9 5 ( 5 5 )  - 4 5 1 ( 1 2 0 )  5 0 9 ( 5 2 )  - 1 2 3 ( 1 1 1 )  
C ( 1 4 )  7 0 2 2 ( 6 )  2 5 1 5 ( 1 4 )  5 1 2 5 ( 5 )  1 5 6 3 ( 7 9 )  5 2 2 0 ( 3 3 1 )  1 0 4 4 1 5 8 )  - 2 1 6 ( 1 3 6 )  4 1 0 ( 5 5 )  - 1 9 5 ( 1 2 7 )  
C ( 1 5 »  6 8 7 0 ( 6 )  5 4 6 ( 1 3 1  5 6 0 8 ( 5 )  1 4 4 9 ( 7 2 )  5 8 6 7 ( 3 9 8 )  9 8 7 ( 5 4 )  1 1 7 ( 1 4 1 )  4 7 3 ( 5 3 )  1 3 7 ( 1 2 3 )  
C (  1 6 )  6 0 0 6 ( 6 )  - 1 0 3 5 ( 1 4 )  4 8 9 0 ( 5 )  1 7 2 9 ( 8 2 )  4 7 1 5 ( 2 8 1 )  1 1 8 7 ( 6 4 )  2 7 5 ( 1 3 7 )  8 0 0 ( 6 3 )  4 9 9 ( 1 1 9 »  
C ( 1 7 )  5 3 2 1 ( 5 )  - 5 7 2 ( 1 1 )  3 6 9  ( 4 )  1 1 5 2 ( 5 6 )  4 3 4 2 ( 2 8 5 )  1 0 2 8 ( 5 2 )  - 1 1 9 ( 1 0 0 )  5 4 3 ( 4 4 )  1 6 5 ( 1 0 1 »  
C ( 1 8 )  2 4 1 4 ( 4 )  - 2 4 9  ( 9 )  1 2 1 7 ( 3 )  1 0 1 2 ( 4 7 )  3 1 2 9 ( 1 9 8 )  8 7 3 ( 3 9 )  - 4 5  ( 9 8 )  4 8 5 ( 3 5 )  1 7 9  ( 8 9 »  
C U 9 }  2 0 9 4 ( 4 )  1 4 4 9 ( 1 1 )  1 7 6 7 ( 5 )  1 1 0 8 ( 5 2 )  3 4 9 4 ( 2 1 7 )  1 2 3 6 ( 5 5 )  - 3 2  ( 9 9 )  6 6 9 ( 4 7 )  - 2 6 6  ( 9 7 )  
C ( 2 0 )  1 0 9 4 ( 5 )  1 2 0 9 ( 1 3 )  2 0 1 5 ( 5 )  1 2 0 6 ( 6 7 )  5 1 4 2 ( 2 9 5 )  1 4 7 6 ( 7 1 )  - 3 1 5 ( 1 3 6 )  8 8 6 ( 6 0 )  - 2 1 5 ( 1 3 0 )  
C ( 2 I )  4 3 6 ( 5 )  - 7 5 5 ( 1 3 )  1 7 3 6 ( 5 )  1 0 7 4 ( 6 2 )  5 6 5 2 ( 3 1 5 )  1 3 6 3 ( 6 1 )  - 7 8 ( 1 2 1 )  7 8 0 ( 5 3 )  3 7 9 ( 1 2 1 )  
C ( 2 2 )  7 2 9 ( 5 )  - 2 4 9 6 ( 1 3 )  1 1 6 6 { 5 )  1 1 5 6 ( 6 2 1  4 8 3 8 ( 2 8 9 )  1 2 7 4 ( 6 4 )  - 4 8 9 ( 1 1 5 )  6 0 7 ( 5 4 )  1 0 6 ( 1 2 1 )  
C < 2 3 )  1 7 2 9 ( 5 )  - 2 2 5 0 ( 1 2 )  9 2 2 ( 4 )  1 4 5 6 ( 6 9 )  3 7 7 1 ( 2 2 9 )  1 1 4 5 ( 5 6 )  - 3 0 7 ( 1 1 1 )  7 0 1 ( 5 4 )  6 7 ( 1 0 2 »  
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9. Hydrogen atom fractional coordinates (xloMj 
isotropic temperature factors (xlO^) and their 
standard deviations in parenthesis. 
Atom X y z b  
H ( 3 )  5 2 6 ( 4 )  5 1 1 (  
H ( 4 )  4 0 4 ( 4 )  5 1 7 {  
H ( 7 )  3 0 4 ( 5 )  4 5 8 (  
H ( 8 )  1 5 3 ( 6 )  3 7 9 (  
H ( 9 )  5 4 ( 5 )  5 6 (  
H ( 1 0 )  6 2 ( 5 )  - 2 4 4 (  
H ( l l )  1 6 6 ( 4 )  - 1 4 7 (  
H ( 1 3 )  6 7 0 ( 4 )  4 3 0  
H ( 1 4 )  7 6 8 ( 6 )  3 8 2 (  
H ( 1 5 )  7 3 2 ( 4 )  1 2 (  
H ( 1 6 )  5 8 5 ( 6 )  - 2 6 7 (  
H ( 1 7 )  4 9 1 ( 5 )  - 1 9 1 (  
H ( 1 9 )  2 7 3 ( 6 )  2 8 3 (  
H ( 2 0 )  8 7 ( 4 )  2 5 4 (  
H(21) - 2 8 ( 5 !  - 1 0 9 ?  
H ( 2 2 )  4 9 ( 8 )  - 4 3 3 (  
H ( 2 3 )  2 0 6 ( 6 )  - 3 7 C (  
1 3 )  1 7 9 ( 4 )  3 8 9 ( 1 1 7 )  
1 1 )  - 2 8 ( 3 )  2 4 6  ( 9 2 *  
1 3 )  - 2 1 2 ( 4 )  4 4 9 ( 1 3 1 )  
1 5 )  - 4 1 3 ( 5 )  5 8 8 ( 1 6 8 )  
1 3 )  - 4 8 2 ( 6 )  5 6 2 ( 1 5 8 )  
1 5 )  - 3 3 1 ( 5 »  6 2 0 ( 1 7 2 »  
1 2 )  - 1 4 8 ( 4 )  3 4 5 ( 1 1 5 )  
( 9 )  3 6 4 ( 3 )  1 9 7  ( 9 4 )  
1 7 )  5 5 9 ( 6 )  7 0 7 ( 1 8 8 )  
1 3 )  6 4 7 ( 4 )  3 9 5 ( 1 1 9 )  
1 5 )  5 2 4 ( 5 )  6 3 5 ( 1 7 5 )  
1 3 )  3 2 4 ( 4 )  4 4 9 ( 1 3 2 »  
1 7 )  2 0 8 ( 6 )  7 0 4 ( 1 8 5 »  
1 0 )  2 4 8 ( 4 )  2 7 7 ( 1 0 5 )  
1 4 )  1 8 8 ( 5 }  5 1 5 ( 1 5 2 )  
1 9 )  1 0 5 ( 8 )  9 1 8 ( 2 3 8 »  
1 6 )  6 0 ( 6 )  7 0 9 ( 1 8 6 »  
Table 10. Bond distances (&) and angles 
parenthesis. 
P - C ( 2 1  
P - C ( 5 >  
P - C ( 1 8 1  
1 . 6 1 0 ( 5 1  
1 . 8 0 6 ( 5 )  
1 . 8 3 2 ( 4  )  
C ( Z I - C ( 3 1  
C ( 3 ) - C ( 4 )  
C ( A » - C ( 5 )  
C ( 6 > - C ( 7 )  
C ( 7 ) - C ( . 8 I  
C ( 8 ) - C I 9 )  
C ( 9 » - C ( : i 0 »  
C d O - C d l l  
C ( l l ) - C { f c l  
1 - 3 9 0 ( 7 1  
1 . 3 8 6 ( 8 1  
1 . 3 8 0 ( 1 0 )  
1 . 3 6 7 ( 9 )  
1 . 3 9 5 ( 7 1  
1 . 4 1 5 ( 8 1  
C ( 1 2 ) - C ( 1 3 )  
C ( 1 3 ) - C ( 1 4 I  
C ( 1 4 ) - C ( 1 5 )  
C ( 1 5 ) - C ( 1 6 >  
C < 1 6 ) - C ( 1 7 )  
C ( 1 7 ) - C ( 1 2 )  
C ( 1 6 ) - r , i i 9 )  
C ( 1 9 l - ( : ( 2 0 )  
C ( 2 0 ) - C ( Z 1 )  
C ( 2 1 ) - C ( 2 2 )  
C ( 2 2 , ' - i ; ( 2 3 l  
C ( 2 3 ) - i : ( 1 8 )  
1 . 3 7 2 ( 7 1  
1 . 3 8 6 ( 7 1  
1 . 3 6 8 (  1 0 1  
1 . 3 9 0 ( 9 1  
1 . 3 8 4 ( 8 1  
1 . 4 0 2 ( 9 )  
C ( 2 I - C ( 1 2 )  
C ( 5 ) - C ( 6 )  
C ( 3 ) - H ( 3 )  
C ( 4 ) - H ( 4 )  
C ( 5 ) - P - C ( 2 J  
C ( 5 ) - P - C ( 1 8  I  
C ( 2 I - P - C ( 1 8 )  
9 2 . 1 ( 2 »  
1 0 5 . 4 ( 2 )  
1 0 4 . 3 ( 2 )  
P - C ( 2 ) - C ( 3 )  
C ( 2 | - C ( 3 » - C ( 4 )  
C ( 3 ) - C 1 4 ) - C C 5 )  
C ( 4 | - C < 5 | - P  
C ( 1 8 ) - C ( 1 9 ) - C ( 2 0 )  
C ( 1 9 J - C ( 2 0 ) - C ( 2 1 )  
C < 2 0 1 - C ( 2 1 l - C < 2 2 )  
C ( 2 1 ) - C ( 2 2 ) - C ( 2 3 )  
C ( 2 2 ) - C ( 2 3 ) - C < 1 8 )  
C ( 2 3 ) - C ( 1 8 ) - C ( 1 9 )  
1 2 0 . 5 ( 5 )  
1 1 9 . 8 ( 6 )  
1 2 0 . 9 ( 4 )  
1 1 8 . 9 ( 6 )  
1 2 0 . 2 ( 6 )  
1 1 9 . 3 ( 4 )  
C ( l l ) - C ( 6 ) - C ( 7 )  
C ( 6 ) - C ( 7 » - C ( 8 I  
C ( 7 ) - C ( 8 ) - C ( 9 )  
C ( 8 ) - C ( 9 ) - C C 1 0 )  
C ( 9 ) - C ( 1 0 ) - C ( l l )  
C ( 1 0 ) - C ( l l ) - C { 6 )  
C ( 5 ) - C ( 6 I - C ( 7 )  
C ( 2 ) - C ( 1 2 ) - C ( 1 3 )  
P - C ( 1 8 I - C ( I 9 I  
1 2 2 . 5 ( 5 )  
1 1 9 . 8 ( 5 1  
1 2 1 . 8 ( 5  I  
C ( 5 ) - C ( 6 ) - C ( l l )  
C ( 2 ) - C ( 1 2 ) - C ( 1 7 )  
P - C ( 1 8 » - C ( 2 3 »  
C ( 6 )  
C ( 8 )  
C ( 7 I -
C ( 9 ) -
C ( 8 ) -
C I I O )  
C ( 9 ) -
Cdll 
CdOl 
C ( 6 ) -
C ( 7 ) - H ( 7 )  
C ( 7 ) - H ( 7 )  
C ( 8 ) - H ( 8 )  
C ( 8 ) - H ( 8 )  
C ( 9 ) - H ( 9 I  
- C ( 9 l - H t 9 )  
C ( l O ) - H d C )  
- C { 1 0 ) - H ( I C )  
- C ( l l » - H ( l l )  
C d l l - H d l )  
1 1 7 .  
1 2 0 ,  
126.  
1 1 3 ,  
1 1 7 ,  
122.  
1 2 3 ,  
1 1 5 ,  
106,  
1 3 2 .  
3 ( 3 . 4 )  
2 ( 3 . 2 )  
3 ( 5 . 1 )  
0 ( 5 . 0 )  
1 ( 4 . 1 )  
9 ( 4 . 3 )  
1 ( 3 . 2 )  
1 ( 3 . 2 )  
5 ( 3 . 3 »  
7 ( 3 . 3 1  
C I  1 2 )  
C (  1 4 )  
C ( 1 3 ) -
C ( 1 5 )  
C (  1 4 1  
C d 6 )  
C ( 1 5 ) -
C I 1 7 I  
C I  1 6 )  
C I  1 2 )  
C ( 1 3 )  
0 ( 1 3 ) -
C ( 1 4 )  
C I  1 4 )  
C (  1 5 ) -
• C d 5 ) -
C (  1 6 ) -
C d 6 » -
C I 1 7 » -
C I 1 7 ) -
H ( 1 3 )  
H I 1 3 )  
H ( 1 4 )  
H d 4 )  
H I 1 5 )  
• H I 1 5 )  
H I  1 6 )  
H d 6 )  
H ( 1 7 »  
H I  1 7 1  
(deg) with their standard deviations In 
1 . 3 5 4 ( 8 1  C I 7 » - H I 7 »  1 . C 4 5 1 7 3 )  
1 . 4 3 9 ( 7 1  C I 8 » - H ( 8 »  0 . 8 7 6 1 7 6 »  
1 . 3 5 6 ( 8 )  C ( 9 ) - H I 9 »  1 . 0 6 8 ( 6 9 )  
C ( 1 0 ) - H ( 1 0 1  1 . 1 6 4 1 8 7 )  
1 . 4 1 4 ( 8 )  C ( l l ) - H l l l )  0 . 9 2 8 1 6 4 )  
1 . 3 8 2 ( 8 )  
1 . 3 6 7 ( 1 0 1  C d 3 ) - H l l 3 l  1 . 0 4 7 ( 4 9 )  
1 . 4 0 4 ( 1 0 )  C d 4 ) - H d 4 )  1 . 0 8 6 ( 9 1 )  
1 . 3 9 7 1 8 )  C d 5 ) - H ( 1 5 )  1 . 0 2 0 ( 5 2 »  
1 . 3 8 5 1 9 »  C I 1 6 ) - H 1 1 6 )  1 . 1 1 9 ( 8 4 »  
C d 7 » - H ( 1 7 »  0 . 9 7 9 ( 7 3 »  
1 . 4 5 9 1 7 )  
1 . 4 6 4 ( 6 )  C I 1 9 ) - H I 1 9 )  1 . 0 8 0 ( 9 1 )  
C I 2 0 » - H ( 2 0 »  1 . 0 8 2 1 5 6 )  
0 . 9 2 9 ( 7 2 )  C I 2 1 ) - H ( 2 1 )  C . 9 9 C I 6 1 )  
0 . 9 5 1 ( 6 0 )  C ( 2 2 ) - H ( 2 2 )  1 . 1 1 9 ( 1 1 0 )  
C ( 2 3 l - H ( 2 3 )  1 . 1 0 1 ( 9 4 )  
l C a . l ( 3 )  C I 4 ) - C I 5 I - C ( 6 I  1 2 4 . 6 ( 4 )  
1 1 5 . 3 ( 5 )  P - C I 5 J - C I 6 )  1 2 6 . 1 ( 4 )  
1 1 5 . 6 ( 5 )  C I 3 l - C ( 2 1 - C d 2 l  1 2 6 . 6 1 4 »  
1 0 a . C ( 4 »  P - C I 2 ) - C d 2 )  1 2 4 . 7 ( 4 »  
1 1 6 . 9 ( 5 )  C I 1 7 » - C I 1 2 ) - C I 1 3 I  1 1 7 . 8 ( 4 )  
1 2 1 . 6 1 6 1  C d 2 l - C d 3 l - C d 4 l  1 2 0 . 3 1 6 »  
1 2 0 . 5 ( 6 )  C l l 3 » - C d 4 ) - C ( 1 5 1  1 2 1 . 5 1 6 )  
1 1 9 . 3 ( 5 )  C d 4 ) - C d 5 ) - C ( 1 6 )  1 1 9 . 1 1 5 )  
1 2 0 . 8 ( 6 1  C d 5 ) - C l l 6 ) - C d 7 )  1 1 9 . 5 ( 6 »  
1 2 0 . 5 1 5 )  C d 6 ) - C d 7 » - C l l 2 )  1 2 1 . 4 ( 5 )  
1 2 0 . 5 1 4 1  C I 2 ) - C ( 3 » - H ( 3 )  1 2 3 . 1 ( 3 . 5 1  
1 2 2 . 3 ( 5 1  C I 4 I - C I 3 ) - H ( 3 )  1 2 0 . 8 ( 3 . 6 »  
1 1 8 . 6 ( 5 »  C ( 3 ) - C ( 4 ) - H ( 4 »  1 2 0 . 2 ( 2 . 9 »  
C I 5 ) - C I 4 ) - H I 4 )  1 2 4 . 1 ( 2 . 9 »  
1 2 3 . 7 1 2 . 4 )  C d 8 1 - C ( 1 9 ) - H l l 9 »  1 1 5 . 4 ( 4 . 2 »  
1 1 3 . 8 ( 2 . 4 )  C ( 2 C ) - C ( 1 9 ) - H ( 1 9 »  1 2 3 . 3 ( 4 . 2 »  
1 1 3 . 1 ( 4 . 4 )  C d 9 ) - C ( 2 0 ) - H I 2 0 )  1 1 9 . 4 1 3 . 0 »  
1 2 5 . 2 ( 4 . 4 )  C I 2 1 ) - C I 2 C ) - H ( 2 0 )  1 2 0 . 6 1 3 . 0 )  
1 2 5 . 0 ( 4 . 1 )  C I 2 0 ) - C I 2 1 ) - H I 2 1 )  1 2 5 . 9 ( 4 . 6 »  
1 1 5 . 7 1 4 . 1 )  C ( 2 2 ) - C ( 2 1 » - H ( 2 1 )  1 1 3 . 0 ( 4 . 6 »  
1 2 1 . 7 1 3 . 6 »  C ( 2 1 l - C ( 2 2 l - H ( 2 2 )  1 3 2 . 3 ( 4 . 9 »  
1 1 8 . 6 1 3 . 6 )  C I 2 3 I - C I 2 2 ) - H I 2 2 I  1 0 6 . 2 ( 4 . 8 »  
1 1 2 . 6 1 3 . 6 »  C I 2 2 » - C I 2 3 > - H I 2 3 )  1 1 9 . 7 1 4 . 3 »  
1 2 3 . 9 1 3 . 6 »  C d 8 » - C I 2 3 ) - H I 2 3 )  1 1 9 . 4 1 4 . 2 )  
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I.Z.S-TRIPHENYIPHOSPHOLE 
Figure 3. Stereoscopic view of 1,2,5-triphenylphosphole 
with 50^ probability vibrational ellipsoids. 
Figure 4. Illustration of molecular packing for 
1,2,5-triphenyIphosphole. 
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The phosphorus-carbon bond distances In the heterocyclic 
ring, 1.810 and I.806&, are significantly longer than those 
reported for: (a) 1,l-dlmethyl-2,4,6-trlphenyIphosphorln 
(I.749&) (31); (b) 2,6-dlmethyl-4-phenylphosphorin (1.743&) 
(32); (c) 1-benzylphosphole (1.783%) (24). They do however 
compare favorably with the values reported for the 
phosphorus-carbon(Me) bonds of Me3PO (I.813&) (33) and 
1,l-dlmethyl-2,4,6-trlphenylphosphorln (I.806&) C32). The 
phosphorus-phenyl bond distance of 1.832A agrees well with 
the value (I.828Â) found In trlphenylphosphorln (34). Also 
the phosphole ring angles are very similar to those reported 
for 1-benzylphosphole (24). 
The carbon-carbon bonds between the phosphole ring and 
the phenyl groups have an average length of 1.462%, close to 
the value (1.488Â) found In 1,l-dlmethyl-2,4,6-trlphenyl-
phosphorln (31). The C(3)-C(2)-C(12)-C(13) and 
C(4)-C(5)-C(6)-C(7) dihedral angles are -0.88 and 0.30° 
respectively. However the least-squares plane determined by 
C(2) through C(17) indicates that the phenyl groups are bent 
slightly out of the plane of the four carbon atoms of the 
phosphole ring. In Figure 3 the C(6) and C(12) phenyl groups 
are bent out towards the C(l8} phenyl group and the 
phosphorus is bent back into the plane of the paper. 
The plane bisecting the C(2)-P-C(5) angle contains C(l8); 
however, this phenyl ring is twisted about the P-C(l8) bond 
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and the C(2)-P-C(l8)-C(19) dihedral angle is -26.37°. The 
direction of the twist is such that C(19) moves closer to 
0(17) and 0(23) moves closer to 0(11) to give intramolecular 
contacts of 3.79 and 3-78^ respectively. Other intramolecular 
contacts of interest are: P-Ofll), 3.27; P-C(17), 3.25; 
0(2)-C(l8), 2.87; C(5)-C(18), 2.89; 0(4)-C(7), 2.98; 
C(3)-C(13), 2.97; H ( 4 ) - H ( 7 ) ,  2 . 1 3 ;  and H(3)-H(13), 2 . 2 7 % .  
The three phenyl groups, which are planar within the 
limits of error of this analysis, have average ring bond 
lengths and angles of I.388A and 119.9° respectively. 
The molecules pack together in a herring-bond fashion as 
illustrated in Figure 4. Looking down c_*, P through 0(17) 
and their symmetry related atoms give one herring-bond effect 
and looking down a, C(l8) through 0(23) and their symmetry 
related atoms give another. 
The van der Waals contacts of less than show no 
unusual features, the shortest in each category being: C*'*C, 
3.73; 2.84; 2.46; P'''0, 3.76; and P«««H, 
3.31%. 
Although the steric effects of the bulky phenyl 
substituents on such ring systems are not clearly understood, 
it is evident that : 
1. The carbon-carbon bond lengths in the heterocyclic 
ring are typical for butadiene (35) and therefore are not 
indicative of any ring delocalization effect. 
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2. The phosphorus-carbon bond lengths In the ring are 
suggestive of little if any ir-character. 
3. The phosphorus appears to be tetrahedrally 
coordinated, consequently decreasing the likelihood of 
delocalizatlon of the lone pair of electrons throughout the 
ring. Hence it is concluded that electron delocalizatlon 
plays no important role in the ground state molecular 
structure of 1,2,5-triphenylphosphole. 
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THE CRYSTAL STRUCTURE OP 1,2,5-TRIPHENYLPYRROLE 
Introduction 
During the determination of the molecular structure of 
1,2,5-triphenylphosphole (36) it was recognized that the 
molecular geometry and apparent hybridization of the phos­
phorus atom could be an artifact of the sterlc crowding of 
the three bulky phenyl substltuients. Consequently we decided 
to determine the crystal and molecular structure of 
1,2,5-trlphenylpyrrole. 
Earlier research on pyrrole and its derivatives has been 
concerned mainly with the synthesis and reactions of these-
compounds (37,38). Mainly as a result of the instability or 
nonavailability of many pyrrole compounds the discussion of 
their physicochemical properties had been avoided and only 
as recently as the mid-1960's has any attempt been made to 
redress this neglect (.39). Also recent improvements in 
synthetic and instrumental methods have enabled more accurate 
studies to be done and considerable spectral data exists in 
the literature for pyrrole and its derivatives. 
Although the Raman and IR spectra (40) in the liquid 
phase of pyrrole favored the planar structure of C^^^ sym­
metry, the nonplanar structure was not rigorously excluded. 
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While the nonplanar pyrrole structures were thought to be 
excluded by microwave spectroscopy (4l), there has been recent 
speculation (42) that a rapidly inverting nitrogen might 
equally well fit these spectral results. 
As single-crystal X-ray studies of the pyrrole system 
have not been done other than in fused or porphyrin systems 
ample reasons exist for further investigations by X-ray 
diffraction techniques of the pyrrole system in the solid 
state. 
Experimental 
A sample of the compound was kindly supplied by 
Dr. T. J. Barton of this laboratory. Microscopic examination 
revealed that the crystals were needle shaped with sharply 
defined faces. As there was no observable decomposition in 
the atmosphere a crystal was mounted on a glass fiber and 
preliminary Weissenberg and precession photographs exhibited 
2/m Laue symmetry indicating a monoclinic space group. 
The only observed systematic absences were for hkl when 
h+k = 2n+l, which is consistent with space groups C2, Cm or 
C2/m. The unit cell parameters at room temperature are a = 
11.272(3), b = 11.807(3), ç = 5.956(6)% and 6 = 92.68(8)°. 
These parameters and their standard deviations were obtained 
via a least-squares fit to 12 independent reflection angles 
whose centers were determined by right-left, top-bottom beam 
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splitting on a previously aligned Hilger-Watts four-circle 
diffractometer (Cu radiation, X = 1.5418&). Any error in 
the Instrumental zero was eliminated by centering the 
reflection at both plus two-theta and minus two-theta. For 
2 molecules per unit cell the calculated density is 1.24gm/cc. 
For data collection, a crystal having approximate 
dimensions 0.16 x 0.l6 x 0,l8mm along the a, b and ç crystal 
axes respectively was mounted such that the b axis was 
coincident with the spindle axis. 
All data in the hkl and hkl octants were collected within 
a theta sphere of 55° using a stationary-crystal, stationary-
counter technique with Ni-filtered Cu radiation, X = 
1.5418%.. Intensities were measured by counting at the peak 
center 9(h,k,l) for ten seconds and subtracting two five-
second background counts measured at 0(h,k,l) ± [0.25 + 
(0,01 X 6(h,k,l))]. A total of 531 reflections were measured 
in this manner. As a general check on crystal and electronic 
stability, the intensities of three reflections were 
periodically monitored; no appreciable decomposition was 
detected. Also 98 Integrated intensities of previously 
measured reflections covering a range of values were obtained 
via the step-scan method (moving-crystal, moving-counter 
technique), for later use in a peak-height to integrated data 
conversion (28). 
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The intensity data were Initially corrected for Lorentz 
and polarization factors. Since the absorption coefficient 
is only 5.56cm""^ for Cu radiation, no correction for this 
effect was deemed necessary. Twelve reflections were found 
to have net intensities less than three times the square-root 
of the background and were judged to be unobserved and 
omitted from the refinement. The estimated error in each 
intensity measurement was calculated by: 
0(1) = /C^ + Cg + + (KgCg): 
where and are the total and background counts 
respectively. In this formula, and Kg are the relative 
random errors in the total and background intensities and 
are given values of 3 and 3% respectively. The finite 
difference method was used to derive the formula for the 
estimated standard error for each reflection: 
a(P) = (LP)-'/: [(I + G(I))'/z - I'/z] 
where I is the calculated intensity and LP is the Lorentz-
polarization correction. These standard errors were used 
during refinement to weight the 519 observed structure 
factors, where to = l/a(P)^. 
Solution and Refinement 
An unsharpened Patterson function was calculated using 
all observed reflections. The nitrogen and two carbons lying 
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on the crystallographic two-fold axis were readily found and 
placed such.that the nitrogen was at the origin of the unit 
cell. The two carbons belong to the phenyl group attached to 
the nitrogen. This arrangement of atoms indicated space 
group C2 which was later confirmed by successful refinement. 
Three-dimensional electron density synthesis revealed the 
remaining non-hydrogen atoms and full-matrix least-squares 
refinement with anisotropic temperature factors for all 
atoms, using the scattering factors of Hanson et al. (14) 
converged rapidly to a conventional R-factor of 0.091 and a 
weighted R-Pactor of 0.127. Hydrogen atom positions were 
obtained from a difference map and subsequent isotropic 
refinement of these atoms lead to a significant (29) decrease 
in the weighted and unweighted R-factors to 0.084 and 0.062 
respectively. A final difference electron density map showed 
no peaks larger than 0.3electrons/â^, indicating that all the 
atoms had been accounted for. Observed and calculated 
structure factors (xlO) for the final cycle of refinement are 
given in Table 11. 
Discussion 
The final positional and anisotropic temperature factors 
of the non-hydrogen atoms are given in Table 12, along with 
their standard deviations. Table 13 contains the fractional 
coordinates and isotropic temperature factors of the hydrogen 
Table 11. Observed and calculated structure factors 
pyrrole. 
(xlO) for 1j2,5-triphenyl-
1A3 
21 
110 
124 
148 
Table 12. Heavy atom fractional coordinates (xio"*), anisotropic temperature 
factors (xlO®) and their standard deviations in parenthesis. Values 
not followed by a standard deviation are fixed by symmetry. The form 
of the anisotropic temperature factor is 
exp [-(GiihZ + + 633!^ + + 26i3hl + 2623kl)]. 
A t o m  X  y  z  B i i  8 3 3  S i a  S i s  
N  c  0  0  1 1 1 9  (  6 2 )  5 4 5 ( 4 3 )  3 9 4 8 ( 2 1 9 )  C  - 4 3  ( 9 8 )  c  
C ( 2 I  1 0 2 ( 5 )  - 6 7 2  ( 6 )  - 1 2 7 1  (  3 )  1 1 4 9  ( 6 0 )  6 6 9 ( 5 0 )  3 8 5 2 ( 1 7 3 )  - 7 8 ( 3 8 )  - 1 9 C  ( 6 C )  - 3 3  ( 7 6 )  
C ( 3 )  4 4 2 ( 4 )  - 1 7 7 5  ( 7 1  - 7 8 7 1  1 0 )  1 1 5 6  ( 5 8 )  8 9 2 ( 5 8 )  4 2 9 6 ( 2 0 4 )  4 5 ( 4 3 )  - 2 3  ( 7 8 )  - 2 C 3  ( 9 C )  
C ( 6 )  - i ; . 9 9 ( 4 )  - 2 6 1  ( 6 )  2 7 8 5  ( 9 )  8 5 9  1 4 7 )  7 3 0 ( 4 3 )  4 4 8 1 ( 2 1 2 )  - 8 1 ( 3 8 )  - 1 4 2  ( 7 4 )  - 7 9  ( 8 2 )  
C ( 7 I  - 1 7 4 2 ( 5 )  - 8 1 3  ( 8 )  4 8 0 1  (  1 0 )  1 0 6 8  ( 6 2 )  9 6 0 ( 5 3 )  4 0 7 5 ( 1 9 2 )  - 1 7 3 ( 4 5 1  - 3 4  ( 6 9 )  2 3 3  1 9 3 )  
C (  B )  - 2 M 2 (  6 )  - 5 1 C  ( 7 )  6 2 5 6 1  1 1 )  1 2 3 2  ( 6 5 )  1 2 2 0 ( 7 1 )  4 2 8 2 ( 2 0 9 )  - 2 3 0 ( 5 6 )  9 5  ( 9 C )  3 8 ( 1 0 4 )  
C ( s i  - 3 % 5 8 ( 6 )  3 9 2  ( 7 )  5 7 0 2 (  1 2 )  1 1 8 7  ( 6 7 )  1 0 8 2 ( 6 7 )  5 0 9 7 ( 2 6 3 )  - 4 ( 5 1 )  3 2 2 ( 1 0 6 )  - 3 4 1 ( 1 1 0 )  
C <  1 0 )  - 3 / ' 2 4 ( 6 )  9 7 2  1 6 )  3 7 2 2 (  1 1 )  1 2 1 c  ( 6 1 )  9 4 1 ( 5 4 )  5 4 5 3 ( 2 4 8 )  7 7 ( 5 2 )  2 0 7  ( 9 9 )  - 1 9 6 ( 1 0 5 )  
C (  1 1 )  - 2 3 6 5 ( 5 )  6 5 4  ( 7 )  2 2 6 5 (  1 0 )  1 1 4 C  ( 5 4 )  9 4 2 ( 5 9 )  4 3 9 9 ( 2 0 2 )  5 8 ( 4 6 )  1 0 3  ( 8 4 )  - 2 4  ( 9 7 )  
C (  I d )  f  1 2 0 6  ( 9 )  0  1 1 2 1  ( 7 5 )  8 1 3 ( 6 7 )  3 2 9 1 ( 2 5 5 )  C  1 1 7 ( 1 1 1 )  C  
C <  1 9 )  - 4 3 9 1 4 )  1 7 8 7  ( 7 )  - 1 9 0 1  ( 9 )  1 0 7 4  ( 5 C )  1 C 0 3 ( 6 0 )  3 7 7 4 ( 2 0 0 )  - 4 3 ( 4 4 )  - 2 0 9  ( 7 9 )  1 1 3  ( 8 6 )  
C ( 2 C )  - < . 3 f ( 5 »  2 9 5 9  ( 7 )  - 1 8 8 4 1  1 1 )  1 4 C 7  ( 6 5 )  8 1 1 ( 5 7 )  4 6 9 5 ( 2 3 4 )  6 8 ( 5 0 )  1 2 9 1 1 C 2 )  3 3 8  ( 9 9 )  
C ( 2 1 )  0  3 5 4 4  1 1 0  0  1 4 1 1 ( 1 0 6 )  8 9 7 ( 8 6 )  5 0 2 6 ( 3 6 6 )  0  5 2 2 ( 1 5 0 )  C  
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Table 13. Hydrogen atom fractional coordinates (xlO^), 
isotropic temperature factors (xlO^) and their 
standard deviations in parenthesis. 
Atom X 7 z B 
H ( 3 I  8 1 ( 4 )  -241 ( 4 )  - 1 5 9  ( 7 )  1 1 9  ( 9 4 )  
H ( 7 )  - 1 2 8 ( 9 )  -139 ( 9 )  5 2 0 ( 1 7 )  7 7 6 ( 2 8 1 )  
H ( 6 )  - 2 7 7 ( 5 )  -96 ( 5 )  7 7 5 ( 1 0 )  3 2 0 ( 1 3 0 )  
H ( 9 )  - 3 8 8 ( 6 )  6 5  ( 8 )  6 8 8 ( 1 2 )  5 9 4 ( 1 8 2 )  
H ( 1 0 )  - 3 8 0 ( 6 )  158 ( 5 )  3 2 8 ( 1 1 )  4 1 5 ( 1 5 0 )  
H ( l l )  - 2 1 9 ( 5 )  106 ( 6 )  6 6  ( 9 )  3 9 1 ( 1 3 1 )  
H (  1 9 )  - 5 6 ( 7 )  119 ( 6 )  - 3 4 2 ( 1 3 )  5 3 6 ( 1 7 2 )  
H ( 2 0 i  - 7 1 ( 6 )  330 ( 8 )  - 3 3 0 ( 1 4 )  5 2 7 ( 1 7 7 )  
H ( 2 1 )  0  4 3 5 ( 1 7 )  0  9 8 4 ( 4 7 4 )  
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atoms, which are numbered similarly to the carbon atoms to 
which they are attached. Bond distances and angles with 
standard deviations are summarized in Table l4. Figure 5 
shows a steroscopic view of the molecule and indicates the 
labeling of the atoms. 
The analysis shows that in the solid state the 1,2,5-
triphenylpyrrole molecule possesses a two fold symmetry axis 
which runs through N, C(l8), C(21) and bisects the C(3)-C(4) 
bond. Thus the heterocyclic ring and the NfCs) grouping are 
both required by symmetry to be planar. 
As the distances (I. 3 6 8 À )  between carbon atoms 2 and 3, 
and 4 and 5 are greater than that between carbon atoms of 
ethylene (1.332Â) (43), as the distance between carbon atoms 
3 and 4 (1.400%) is less than that for carbon atoms in ethane 
(I.536Â) (44) and approaches the carbon-carbon distances in 
benzene (1.392&) (45) and as the carbon-nitrogen distance of 
the heterocyclic ring (1.374%) is less than those in 
trim.ethylamine (1 = 472%) (46), the heterocyclic ring can not 
be adequately represented by a classical structure and must 
be treated as a resonance hybrid. The bond distances and 
angles reported here for the pyrrole ring are in good agree­
ment with those determined by microwave spectroscopy (4l). 
The nitrogen-carbon 1 8  bond distance (.1.424A) is some­
what shorter than that taken as the pure nitrogen-carbon 
single bond (1.472%) (47), but Is in agreement with other 
T a b l e  l4. Bond distances ( A )  and angles (deg) with 
parenthesis. 
N - C ( 2 1  
N - C ( i a )  1 . 3 7 4 ( 6 )  1 . 4 2 4 ( 1 0 )  C ( 2 ) - C ( 3 )  C ( 3 ) - C ( 4 1  1 . 3 6 8 ( 8 )  1 . 4 0 0 ( 1 2 )  
C  ( 6 ) - C . (  7 )  
c ( 7 ) - c ; ( 3 )  
C ( 8 ) - C ( 9 I  
1 . 3 8 2 ( 8 )  
1 . 3 7 7 ( 1 0 )  
1 . 3 9 4 ( 1 0 1  
C ( 9 ) - C ( 1 0 )  
C ( 1 0 ) - C ( l l )  
C ( l l ) - C ( 6 )  
1 . 3 7 8 ( 1 0 )  
1 . 3 8 1 ( 8 )  
1 . 4 0 9 ( 8 )  
C ( 3 ) - H ( 3 )  
C ( 7 ) - H ( 7 )  
C ( 8 ) - H ( 8 )  
C . 9 9 4 ( 5 3 )  
0 . 8 8 6 ( 1 1 0 )  
1 . 0 7 3 ( 6 4 )  
C ( 9 ) - H ( 9 )  
C ( 1 0 ) - H ( 1 0 )  
C ( l l ) - H ( l l )  
0 . 9 9 3 ( 8 2 )  
1 . 0 0 1 ( 7 4 )  
1 . 0 9 4 ( 6 2 )  
C ( 2 ) - M - C ( 5 )  
C { 2 ) - M - C ( 1 8 )  
1 0 9 . 3 ( 5 )  
1 2 5 . 3 ( 2 )  
N - C ( 2 ) - C ( 3 )  
C ( 2 1 - C ( 3 ) - C { 4 )  
1 0 7 . 4 ( 4 )  
1 0 7 . 9 ( 3 )  
C ( 5 ) - C . ( 6 ) - C ( 7 1  
C ( 5 ) - C ( 6 ) - C ( l l )  
N - C ( 1 E ) - C ( 1 9 )  
1 1 9 . 2 ( 5 )  
1 2 3 . 4 ( 4 )  
1 1 9 . 4 ( 5 )  
C ( 6 ) - C ( 7 ) - C ( 8 )  
C ( 7 ) - C ( 8 ) - C ( 9 )  
C ( 8 ) - C ( 9 ) - C ( 1 0 )  
1 2 2 . 5 ( 6 )  
1 1 9 . 3 ( 7 )  
1 1 9 . 4 ( 7 )  
C ( 1 8 ) - C ( 1 9 ) - C ( 2 C )  
C ( 1 9 I - C ( 2 Q ) - C { 2 1 )  
1 1 8 . 9 ( 6 )  
1 2 0 . 4 ( 6 )  
C ( 2 C ) - C ( 2 l ) - C ( 2 2 »  
C ( 2 3 ) - C ( 1 8 ) - C ( 1 9 )  
1 2 0 . 2 ( 8 )  
1 2 1 . C ( 7 )  
C ( 6 ) - C ( 7 ) - H ( 7 )  
C ( a ) - C ( 7 ) - H ( 7 )  
C ( 7 1 - C ( d ) - r i ( 8 )  
C ( 9 ) - C ( 8 ) - H ( 8 )  
C ( 8 ) - C ( 9 ) - H ( 9 )  
1 2 0 . 7 ( 6 . 6 )  
1 1 6 . 6 ( 6 . 6 1  
1 2 3 . 8 ( 3 . 2 )  
1 1 6 . 5 ( 3 . ? )  
1 1 7 . 1 ( 4 . 8 )  
C ( 1 0 ) - C ( 9 ) - H ( 9 )  
C ( 9 ) - C ( 1 C ) - H ( 1 0 1  
C ( l l ) - C ( 1 3 ) - H ( 1 0 l  
C ( 1 C ) - C ( 1 1 ) - H ( 1 1 )  
C ( 6 ) - C ( l l ) - H ( l l )  
1 2 2 . 7 ( 5 . 0 )  
1 1 8 . 9 ( 3 . 8 )  
1 2 0 . 0 ( 3 . 9 )  
1 2 5 . 7 ( 3 . 8 )  
1 1 3 . 5 ( 3 . 8 )  
their standard deviations in 
C ( 5 I - C ( 6 )  
C ( 1 8 ) - C U 9 )  
C ( 1 9 ) - C ( 2 0 )  
C < 2 0 ) - C ( 2 1 1  
C ( 1 9 ) - H { 1 9 )  
C ( 2 0 ) - H ( 2 0 )  
C « 2 1 ) - H ( 2 1 )  
C ( 4 ) - C I 5 ) - C I 6 )  
N - C < 5 ) - C < 6 )  
C ( 9 ) - C < 1 0 ) - C C 1 1 )  
C ( 1 C ) - C ( 1 H - C ( 6 )  
C ( l l ) - C ( 6 ) - C ( 7 )  
C I 2 ) - C I 3 I - H ( 3 )  
C ( 4 ) - C ( 3 ) - H ( 3 )  
C I 1 8 ) - C ( 1 9 ) - H ( 1 9 )  
C ( 2 C ) - C ( 1 9 ) - H ( 1 9 )  
C < 1 9 ) - C ( 2 0 ) - H ( 2 G )  
C ( 2 1 ) - C t 2 0 ) - H ( 2 0 >  
C < 2 0 ) - C < 2 1 ) - H ( 2 1 )  
1 . 4 6 8 ( 7 )  
1 . 3 9 5 ( 6 )  
1 . 3 8 3 ( 9 )  
1 . 3 8 6 ( 8 )  
1 . 1 4 6 ( 8 9 )  
C . 9 8 1 ( 9 5 )  
C . 9 6 0 1 1 9 9 )  
1 2 7 . 1 ( 5 )  C o  
1 2 5 . 3 ( 4 )  
1 2 C . 7 ( 6 )  
1 2 0 . 6 ( 5 )  
1 1 7 . 2 ( 5 )  
1 2 1 . 3 ( 2 . 7 )  
1 3 0 . 5 ( 2 . 7 )  
1 1 1 . 6 ( 4 . 4 )  
1 2 7 . 9 ( 4 . 4 )  
1 1 4 . 2 ( 5 . 5 )  
1 2 5 . 3 ( 5 . 5 )  
1 1 9 . 8 ( 0 . 4 )  
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1.2.5-TRIPHENYLPYRROLE 
Figure 5. Stereoscopic view of 1,2,5-triphenylpyrrole with 
50% probability ellipsoids. 
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carbon-nitrogen bonds adjacent to benzene rings C48). The 
distance (1.468Â) between carbon atoms 5 and 6 agrees quite 
well with the average distances (1.462A) reported for the 
heterocyclic carbon to phenyl carbon atoms of 1,2,5-triphenyl-
phosphole (36). Also the C(5)-C(6) distance is similar to 
those found in l,l-dimethyl-2,5-diphenylsllole C49) and 
2,5-dlphenylselenophene (49), 1.490A and 1.485A respectively. 
The phenyl groups, which are planar within the limits of 
error of this analysis, have average bond distances and 
angles of I.387A and 120.0° respectively. Relevant dihedral 
angles are 40.7° for C(4)-C(5)-C(6)-C(7) and 68.9° for 
C(2)-N-C(18)-C(19). 
The equation of the least-squares plane of the five 
atoms N, C(2), C(3), C(l8) and 0(21) is 
0.6755 X - 0 . 0 0 0 7  Y + 0.7373 Z = O . O O I 7 &  
where the coefficients are direction cosines relative to a, b 
and £*. These five atoms are relatively planar with root-
mean-square deviation of O.OOI8A. However the 0(6) and C(9) 
deviations from this plane are -0.0482 and - 0 . I 6 0 8 &  
respectively, which indicates the carbon six phenyl group is 
bent back into the plane of Figure 5. The rotation of the 
phenyl rings and puckering of the 0(6) phenyl group gives 
rise to intramolecular close contacts of: N-C(D), 2.52; 
N-C(ll), 3.14; C(2)-C(18), 2.48; C(ll)-C(l8), 3.11; 
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Figure G, Illustration of molecular packing for 
1,2,5-trlphenylpyrrole. 
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C ( 6 ) - C ( l 8 ) ,  3 . 0 4 ;  C ( l 8 ) - H ( l l ) ,  2 . 5 2 ;  a n d  H ( 4 ) - H ( 7 ) ,  2 . 5 4 % .  
Molecular packing Is Illustrated in Figure 6 and the 
van der Waals contacts of less than 4Â show no unusual 
features, the shortest In each category being: C***C, 3.59; 
C'.'H, 2 . 8 8 ;  H ' . - H ,  2 . 7 0 ;  N - . ' C ,  3 . 6 5 ;  and N ' . ' H ,  3 . 5 3 % .  
This analysis confirms the conclusion given in the 
phosphole studies (36) and demonstrates that the 
speculation about the non-planarity of nitrogen in pyrrole 
(42) is without experimental foundation. 
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PHASE DETERMINATION 
Introduction 
It is well known that the electron density of a crystal 
can be obtained by a Fourier synthesis, and that the 
coefficients for the Fourier summations are the structure 
factors of the various diffraction spectra. In general each 
structure factor is a complex quantity composed of a 
magnitude, which is readily derived from the intensity, and a 
phase. Unfortunately the intensities are all the data that 
are normally afforded by the diffraction experiment. Hence 
it appears that crystal structures are indeterminate due to 
a lack of phase information. However it can be argued that 
if the structure can be deduced from the Patterson (50), 
which is the Fourier transform of the intensities, then it 
should be obtainable directly from the intensities them­
selves. It is this approach, that of generating a set of 
phases using a purely mathematical method and only the 
magnitudes of the structure factors, that is commonly 
referred to as "direct methods. 
The cryatallographer has at his disposal today a large 
number of computerized interpretative techniques of the so-
called "direct methods". Most of these are based on the same 
fundamental principles (51, 52) but differ in the manner of 
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handling the data and extracting the phases. In general the 
phases of only a relatively few properly chosen reflections 
are required to be known in order to proceed with the phase 
determination. In some cases expanding the starting set of 
phases beyond those required for specifying the origin 
(53J 54) leads to the wrong physical solution or no solution 
at all. Hence in order to develop a new method of expanding 
the starting set of phases and possibly deduce a new "direct 
methods" technique, it was decided to investigate the 
integral of the absolute value of the electron density 
function, p, to test phases. The discussion of this method 
will be limited, only by application, to centrosymmetric 
space groups, that is those in which the phasing consists of 
assigning a plus or minus sign to each observed structure 
factor. 
Description of the Method 
This method is based on the following arguments and 
assumptions : 
1. The electron density at any point in a crystal may 
be zero or positive but never negative. 
2. The electron density function can be rather 
accurately represented by a partial set of signed structure 
factors. In this instance "partial set" refers to all the 
data normally afforded by the X-ray experiment. 
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3. It can be shown from fundamental definitions that the 
integral of the electron density function, p(r), over the 
entire volume of the unit cell is equal to P(OOO), which is 
the number of electrons in the unit cell. Furthermore this 
is true regardless of the signs selected or the number of 
structure factors used to calculate the electron density map. 
4. In view of statements 1 and 2, replacing the 
integrand, p(r), by its absolute value, |p(r)|, will not 
change the results for a correct physical solution. However 
considering the pseudo electron density function, p'Cr), 
(which is the result of a Fourier series expansion 
containing some incorrectly signed structure factors) the 
results are somewhat altered. The integral of p/(r) over 
the entire volume of the unit cell is again equal to P(OOO) 
as this integral is insensitive to the signs of the structure 
factors (except F(OOO) which is defined to be positive). 
However if p'*(r) is replaced with its absolute value, |p'*(r)l, 
the results of the integration will in general be larger than 
P(OOO) since the pseudo electron density function is not 
restricted to zero or positive values. 
5. It can be shovm that for a small number of structure 
factors p(r) cannot be accurately represented and the inte­
gral of ip(r)i will also be greater than 9(000). However 
the initial impetus for this method was the assumption that 
for a small number of correctly signed structure factors the 
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value of the integral of the absolute value of the electron 
density function, (p(r)|, over the entire volume of the unit 
cell would be less than the value obtained if p(?) is replaced 
by p^(r). Furthermore it is assumed that to a good approxi­
mation the value of these integrals can be obtained by numeri­
cal integration, providing a sufficiently small grid is chosen. 
Application of the Method 
First attempts to apply the method were on the previously 
completed structures of hydrogen fluoride (55) and 
pentaaminecyanocobalt(III) chloride (56). In both cases the 
calculated structure factors were used as Fourier coefficients. 
Signs were determined for enough of the structure factors to 
give complete physical solutions in both cases. 
Since the method did show promise the next structure 
solution undertaken was for B-picoline-N-oxide fumerie acid 
adduct (57). The adduct, CigHiaNaQe, is monoclinic, space 
group P2i/c, with one molecule per asymmetric unit and its 
solution is considered a moderately difficult task for this 
method. In this case it was decided to normalize the 
structure factors (58) and use these E's as Fourier 
coefficients. This substitution does not alter the arguments 
or assumptions made for this method; however, the normal­
ization procedure does remove the sin0/X dependence of the 
structure factors. 
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The adduct structure solution is divided into six major 
steps which may be used as a guide for those who wish to make 
further application of this method. 
1. The signs of three reflections with large E values 
were assigned as plus in order to specify the origin. The 
reflections chosen in this instance are E(l,0,2), E(-l,2,7) 
and E(-2J11,5) which have corresponding magnitudes of 4.16, 
2,08 and 3.31. 
2-. Pour reflections with large E values are selected 
and the results of the summation of the absolute value of the 
electron density function for the l6 combinations of signs 
are calculated. It should be noted that in this step it is 
possible to get the same lowest value of the summation for 
more than one sign combination as it can be shown that the 
smaller the number of input reflections the smaller the number 
of sign interactions. In the adduct case four reflections 
were found that gave only two sign combinations with the same 
low value for the summation, Table 15« However there were 
other sets of four reflections that gave as many as four sign 
combinations with the same lowest value. It was decided to 
use the set of four reflections with only two possible sign 
combinations, one of which was correct, set 1 of Table 15, 
and the other contained two incorrect signs, set 10 of 
Table 15. 
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Table 15. Summation of the absolute value of the electron 
density function over the entire volume, SAR, 
for the sixteen sets of sign combinations 
generated by the four reflections (A=(2,0,4), 
B=(-l,10,6), £=(-1,11,7) and D=(-2,To,4), with 
E(A)=3.10, E(B)=3.19, E(Ç)=3.15 and E(D)=3.26 .  
The three origin determining reflections and 
E(OOO) are also input for the calculation of 
this table. 
No. A B C D SAR 
1 + + + + 12.60 
2 - - - - 14.00 
3 - + + + 13.10 
4 + - - - 13.86 
5 - - + + 13.95 
6 + + - - 14.57 
7 - - - + 14.24 
8 + + + - 13.75 
9 - + - + 13.99  
10 + - + - 12.60 
11 - + - — 14.24 
12 + - + + 13.75 
13 - + + - 13.95 
14 + - - + 14.56 
15 - - 4- - 13.10 
16 + + - + 13.86  
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3. Attempts were then made to add two reflections at a 
time to both sets of sign combinations. Four more reflections 
were signed in this manner to give a total of eleven reflec­
tions for both starting sets, see Table l6. It should be 
noted that this step could be eliminated and step 4 initiated 
immediately. Hereafter the sets of reflections containing 
the signs determined in this and the previous step will be 
referred to as CS and IS, acronyms for correct set and 
incorrect set. 
4. Next one reflection at a time was added to both CS 
and IS, first with a positive sign, then with a minus sign, 
and the summations of the |p(rO| over the entire volume of 
the unit cell were calculated. If the difference between 
the two summations was greater than 1.5% the reflection was 
Immediately added to the starting set with the Indicated 
sign. The percent difference was always calculated by 
taking the absolute value of the difference between the two 
summations and dividing by the smallest summation. Table 17 
contains the results of this step for both CS and IS and the 
reflections are arranged in the order that they were tested. 
After 38 tries 22 reflections had been added to both CS and 
IS to give a total of 33 reflections in each starting set. 
All 22 of the reflections added to the CS set of sign 
combinations had been assigned a correct sign. Of the 15 
reflections that were not added to the CS set of sign 
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Table l6. Summation of the absolute value of the electron 
density function over the entire volume, SAR, for 
the four sets of sign combinations generated by 
the four reflections (A=(0,0,l4), B^=(-l,0,12), 
C=(l,8,2) and D=(2,l,iy), when (a) A and B are 
added to set 1 of Table 15, (b) A and B are added 
to set 10 of Table 15, (c) £ and D are added to 
set 1 of Table 15 and (d) Ç and D are added to 
set 10 of Table 15. The values of E are: E(A)= 
4.29, E(B)=2.80, E(C)=2.57 and E(D)=2.51. 
No. A B SAR No. A B SAR 
1 + + 13.85 1 + + 13.85 
2 — - 13.58 2 — — 13.58 
3 + — 14.54 3 + - 14.55 
4 - + 14.47 4 - + 14.45 
(a) (b) 
No. c D SAR No. C D SAR 
1 + + 15.13 1 + + 14.98 
2 - - 15.02 2 - — 15.09 
3 + - 14.89 3 + - 15.12 
4 - + 15.10 4 - + 15.04 
(c) (d) 
17.  
k 
0 
1 
12 
7 
1 
8 
4 
5 
4 
2 
4 
7 
6 
3 
7 
7 
11 
12  
11 
1 0  
10 
1 0  
8 
10 
11 
1 
7 
10 
11 
8 
12 
1 
8 
10 
11 
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Reflection indices (h,k,l^) and signed E observed 
values, SEO, listed in the order in which they 
were tested; (a) additions were made to the CS set 
of phase combinations and (b) additions were made 
to the IS set of phase combinations. SARP and 
SARM are the summations of the absolute value of 
the electron density function with the E value 
having a plus, P, or minus, M, sign. Percent 
differences between SARP and SARM are listed 
under %D. 
1 SEO SARP SARM XD SARP SARM %D 
10 -2.41 15.41 15.11 2.0 15.45 15.07 2.5 
1 -2.35 15.73 15.25 3.1 15.28 15.68 2.6 
0 -2.07 15.50 15.63 0.8 15.47 15.63 1.0 
2 -2.00 15.74 15.76 0.1 15.70 15.74 0.3 
3 -1.67 15-79 15.42 2.4 15.40 15.84 2.9 
0 1.98 15.22 15.80 3.8 15.20 15.79 3.9 
2 -1.70 15.52 15.63 0.7 15.52 15.63 0.7 
0 1.67 15.59 15.56 0.2 15.54 15.59 0.3 
5 -1.60 15.49 15,52 0.2 15.48 15.51 0.2 
5 1.82 15.45 15,75 1.9 15.44 15.73 1.9 
7 -1.99 15.64 15,64 0.0 15.62 15.60 0.1 
3 1.97 15.68 15,66 0. 1 15.66 15.64 0.1 
2 1.55 15.68 15.71 0.2 15.66 15.69 0.2 
7 1.51 15.64 15.76 0.8 15.63 15.74 0.7 
5 1,86 15.81 15,81 0.0 15.81 15.75 0.4 
0 1.83 15.78 15.81 0.2 15.74 15.85 0.7 
9 3,03 15.65 17.10 9.3 15.68 17.08 8.9 
4 -2.96 16.29 16,33 0.2 16.36 16.27 0.6 
5 -2.82 16.73 16.16 3.5 16.81 16.16 4.0 
8 2,73 15.52 17,01 9.6 17.02 15.53 9.6 
2 2,37 15.52 16.81 8.3 16.83 15.57 8.1 
6 -2.24 16,31 15,97 2.1 16.01 16.36 2.2 
12 -2.84 17.47 17.09 2.2 17.45 17.05 2.3 
8 -2.74 17.78 16,74 6.2 16.73 17.72 5.9 
3 -2.41 17.56 16.61 5.7 17.53 16.53 5.0 
3 -2.55 17.62 16.68 5.6 16.66 17.60 5.6 
12 -2.17 18.03 18.09 0.3 17.99 18.06 0.4 
7 2.39 18.17 18.17 0.0 18. 16 18.10 0.3 
7 -2.56 18.73 17.62 6.3 18.77 17.56 6.9 
10 -2.65 18.57 17.84 4. 1 18.53 17.86 3.8 
8 -1.98 18.39 18.20 1.0 18.18 18.41 1.3 
13 1.93 18-06 18.46 2.2 18.45 18.03 2.3 
4 1.93 18.01 18.36 1.9 17.98 18.40 2.3 
10 1.85 17.95 18.44 2.7 18.41 17.98 2.4 
1 
-1.62 18.75 18.24 2=8 18 = 75 18.22 2,9 
4 -1.66 18.84 18.17 3.7 18.15 18.83 3.7 
5 -1.77 18.61 18.49 0.6 18.65 18.46 1.0 
8 -1.79 18.57 18,24 1.8 18.57 18.28 1.6 
( a )  ( b )  
63 
combinations, eight were calculated with wrong signs and three 
were not picked at all. Of the eight wrong choices the 
largest percent difference was 0.8/2 and the average was 0.3%. 
5. The absolute value of the electron density function 
was calculated for both CS and IS which now contain the 33 
previously signed reflections. The Fourier transform of this 
function was then calculated and in the beginning only the 
reflections that had an observed E, EO, greater than 1.5 and 
an E transform value, ET, greater than 0.4 were added. As 
more reflections were signed these restrictions were 
gradually relaxed until ET values of greater than 0.1 with 
corresponding EO values greater than or equal to 1.5 and ET 
values of 0.3 with corresponding EO values greater than or 
equal to 1.0 were accepted. Also if a reflection was 
previously added and failed these tests in a subsequent 
step it was removed from the set of assigned signs. 
6. When there were more input reflections falling the 
criteria of step 5 than there were new reflections being 
determined it was decided to accept all signs calculated by 
the Fourier transform procedure. Of the 534 observed 
reflections 270 had EO values greater than or equal to 1.0 
which were signed and used to calculate a new absolute value 
of the electron density function and the Fourier transform 
was again calculated. This procedure was reiterated until 
there were only a relatively few sign changes. 
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Discussion 
Prom the final electron density map using the 270 
signed EO values as Fourier coefficients for the CS combi­
nation of signs the correct physical solution was obtained. 
Of the 270 EO values for the CS combination only l4 were 
assigned the wrong sign. 
Although the EO map calculated for the IS combination of 
signs afforded some atomic positions, different from the OS 
positions, they could not be interpreted to make "chemical 
sense". Also it was observed during steps 5 and 6 for the IS 
data set many of the EO values that were previously signed 
were failing the criteria of step 5 and being removed or they 
were changing signs in step 6. In the final cycle of Step 6 
there was one sign change for the CS combination and 25 sign 
changes for the IS combination. Perhaps this lack of 
convergence in determining signs and the number of sign 
changes is indicative of an incorrect starting set of signs. 
Also after- the last cycle of Step 6 the summation of |p(r)| 
for CS and IS is 34.06 and 36.90 respectively. 
Although it has not rigorously been shown that for a 
correct sign choice or set of signs this method should give 
a lower value of the summation than that calculated for an 
incorrect set, it has indeed been found to be true for the 
three structures attempted by this author. However the 
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crucial test for this method will be the solution of a 
previously unsolved structure preferably in the triclinic 
crystal system. 
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